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ABSTRACT 


Acousto-optic  modulators  frequency  shift  and  spatially  orient  the 
laser  beam  within  the  laser  gyroscope  cavity.  The  accuracy  of  the 
gyroscope  is  directly  related  to  the  modulator  performance.  This  study 
investigates  two  commercial  styles  of  modulators  and  their  impact  on 
gyroscope  operation. 

The  drive  frequency  of  the  modulators  was  varied  to  measure  the 
angular  shifts  of  the  first  order  diffracted  beam.  The  angular 
deflections  concurred  with  manufacturer  specifications  with  a  maximum 
mean  difference  of  -0.1869  milliradians  and  maximum  standard  deviation 
of  0.2005  milliradians.  Using  these  angular  values,  the  reflectivities 
of  the  flat  mirrors  within  the  cavity  were  then  determined.  These 
calculations  displayed  an  average  reflectivity  of  .999567  with  most 
changes  occurring  in  the  seventh  decimal  place,  indicating  that 
properly  aligned  modulators  do  not  affect  mirror  reflectivity  or 
gyroscope  finesse. 

Vertical  and  horizontal  beam  profiles  of  the  first  diffracted  order 
were  taken  to  identify  deviations  produced  by  the  modulators.  Of  the 
nine  modulators  tested,  eight  emitted  the  required  Gaussian  beams.  The 
remaining  modulator  displayed  a  variety  of  profiles,  indicating  a 
material  flaw  or  erroneous  operation. 

The  modulators  were  subjected  to  temperature  extremes  to  determine 
their  thermal  sensitivity.  The  angular  deviation  of  the  first 
diffracted  order  at  40  megahertz  was  measured  as  the  temperature  was 
changed  from  48.6  to  243.3  degrees  Fahrenheit.  The  minimum  angular 
change  measurable  was  52.7  microradians;  however,  no  deviations  were 
measured  from  the  room-temperature  reading. 


I.  INTRODUCTION 


Ring  gyroscopes  were  developed  as  early  as  1913  to  investigate  and 
measure  inertial  rotation.  However,  interest  in  these  gyroscopes  waned 
for  lack  of  a  coherent  light  source  until  the  development  of  the  laser 
in  the  early  1960's  (1,60).  Now,  these,  laser  gyroscopes  are  being 
tested  by  commercial  manufacturers  and  educational  facilities.  Laser 
gyroscopes  are  currently  replacing  conventional  mechanical  gyroscopes 
in  the  Navy  fleet,  and  are  onboard  commercial  aircraft  such  as  Boeing's 
757/767  models  and  the  European  Airbus  (2,166;  3,26). 

The  laser  gyroscope  has  several  advantages  over  mechanical 
gyroscopes.  Unlike  the  mechanical  gyroscope,  the  laser  gyroscope  has 
no  spinning  mass.  The  interaction  of  the  counter  rotating  laser  beams 
within  the  laser  gyroscope  determines  the  inertial  rotation  (1,60; 
4,134).  The  laser  gyroscope  has  few  (if  any)  moving  parts,  drastically 
reducing  maintenance  and  repair,  and  increasing  operational 
availability  (5,1;  6,44).  The  "instant-on"  feature  of  the  laser 
gyroscope  is  definite  progress  over  the  warmup  time  required  for 
conventional  gyroscopes  (6,44) . 

The  many  types  and  styles  of  laser  gyroscopes  can  be  seen  in  Figure 
1.  The  Sagnac  effect  is  the  basis  for  all  these  gyroscopes.  The 
Sagnac  effect  measures  inertial  rotation  due  to  a  time  difference,  a 
length  difference,  or  a  frequency  difference  between  the  two  counter 
rotating  laser  beams  within  the  gyroscope. 


Background 

All  the  various  types  of  laser  gyroscopes  have  their  origins  in  the 
Sagnac  theory.  A  brief  history  of  laser  gyroscopes  will  identify 
efforts  in  their  development. 

In  1913,  Sagnac  built  the  first  ring  interferometer  to  measure 
inertial  rotation  (7,476) .  In  Figure  2,  the  incoming  light  beam  is 
split  at  Point  0,  and  the  two  beams  are  directed  around  the  ring  in 
opposite  directions  by  the  mirrors.  The  beams  recombine  at  Point  0 
producing  interference  fringes  (7,476).  Rotating  the  interferometer 
shifts  the  fringe  pattern.  By  measuring  the  fringe  shift,  the  rotation 
rate  can  be  determined  from  the  following  equation: 

6Z  =  (7,476)  (1-1) 

o 

where  A  Z  *  fringe  shift 
U  =  rotation  rate 
A  *  Area  of  the  Ring 
\q  ~  wavelength  of  light  in  the  ring 
c  =  speed  of  light 


A  full  development  of  Equation  (1-1)  is  shown  in  Chapter  II 


Figure  2.  Sagnac's  Interferometer  (7,477) 


In  1911,  two  years  before  Sagnac's  experiment,  Harr ess,  a  German 
graduate  student  formed  a  ring  of  partially  reflecting  prisms  to 
measure  the  dispersive  properties  of  glass  (Figure  3) .  Harress  noticed 
a  fringe  shift  when  he  rotated  the  ring,  and  he  assumed  that  the  shift 
was  caused  by  the  "dragging"  of  the  light  through  the  moving  glass 
(7,476).  However,  Harress*  data  did  not  conform  to  data  previously 
recorded  for  the  dispersion  properties,  and  he  was  unable  to 
investigate  the  problem  further. 
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Figure  3.  Harress'  Prism  Ring  (7,477) 


In  1914,  Harzer,  using  Harress'  data,  obtained  Sagnac's  fringe 
shift  Equation  (1-1) .  Harzer  was  able  to  conclude  that  a  moving 
refracting  medium  has  no  effect  on  the  shift,  and  that  dispersion  has 
no  influence  on  the  fringe  shift  (7,477). 
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Figure  4.  Michelson-Gale  Interferometer  (7,478) 


Assuming  the  earth's  rotation  rate  was  constant,  the  rotation  was 


determined  by  changing  the  loop  area  A.  The  ratio  of  the  fringe  shift 
to  the  area  of  the  large  interferometer  was  equal  to  the  ratio  of  the 
fringe  shift  to  the  area  of  the  small  interferometer.  Thus 


AZ1  AZ2 


Ac 

^  o 


where  A  =  fringe  shift  of  inter ferometer  1 
A^  =  area  of  interferometer  1 
A  Z2  =  fringe  shift  of  interferometer  2 
A2  =  area  of  interferometer  2 


(1  -2) 


Michelson  and  Gale  thereby  determined  the  earth's  rotation  rate,  while 
at  the  same  time,  verifying  Sagnac's  effect,  They  also  discovered  that 
the  fringe  shift  does  not  depend  upon  the  shape  of  the  interferometer, 
but  only  on  the  area  it  encloses.  Additionally,  the  fringe  shift  is 
not  dependent  upon  the  location  of  the  center  of  rotation  (7,478) . 

In  1926,  Fogany  repeated  Sagnac's  experiment  with  greater 
precision.  His  results  were  within  two  percent  of  the  theoretically 
predicted  shift.  Fogany  later  repeated  the  experiment,  using  two  glass 
rods  in  the  beam  path  (Figure  5) .  The  two  glass  rods  disproved 
Harress*  "dragging"  light  theory.  Fogany 's  results  came  to  within  one 
percent  of  predicted  (Sagnac)  theory  (7,477) . 
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Figure  5.  Pogany's  Interferometer  (7,477) 


Hie  lack  of  a  coherent  light  source  deferred  any  further  uses  of 
the  Sagnac  interferometer.  The  non-coherent  sources  produced  diffuse 
light,  and  as  this  light  propagated,  only  a  small  portion  would  be 
contained  within  the  interferometer.  Increasing  the  size  of  the 
interferometers  decreased  the  amount  of  light  propagated  within  them. 
Thus,  the  large  areas  of  the  interferometer  degraded  the  effectiveness 
of  non-coherent  sources.  However,  the  development  of  the  laser  brought 
renewed  interest  to  Sagnac's  interferometer. 


In  1962,  Rosenthal  proposed  the  first  laser  gyroscopes  (1,62; 
7,478;  8,1144).  Rosenthal's  paper  pointed  out  that  multiple  beam 
interference  produced  sharper  fringes,  thereby  enabling  a  more  precise 
detection  of  the  fringes.  Beamsplitters  within  the  optical  cavity 
prevent  the  multiple  interferences,  as  well  as  degrade  the  beam 
intensity  (8,1144). 

Figure  6  illustrates  Rosenthal's  two  alternative  configurations  to 
the  internal  beam  splitter.  Figure  6a  is  the  predecessor  to  the  active 
Ring  Laser  Gyroscope.  This  gyroscope  contains  the  lasing  medium  within 
the  optical  cavity.  Figure  6b  is  the  precursor  to  the  Passive  Ring 
Laser  Cyroscope,  where  the  lasing  medium  is  outside  the  optical  cavity  . 


M-mirror 

B- beam split ter 

L-lacer 


Figure  6.  Rosenthal's  Laser  Gyroscopes  (8,1145) 


Macek  and  Davis  developed  the  first  laser  gyroscope  similar  to 
Figure  6a' s  design.  Their  gyroscope  utilized  four  laser  media  as  seen 
in  Figure  7. 


Rotation 


M-mirror 
L  - 1  a  o  e  r 


Clockwise 

Beam 


Counter-Clockwise 


Figure  7.  Macek  and  Davis'  Gyroscope  (9,67) 


l*>  until  1977,  only  the  active  ring  gyroscopes  were  being  developed 
and  tested.  Then,  Ezekiel  and  Balsamo  introduced  their  passive  ring 
laser  gyroscope  (PRLG)  (10,478).  Their  PRLG  uses  acousto-optic 
modulators  in  the  clockwise  and  counter  clockwise  beam  paths.  The  PRLG 
will  be  examined  in  further  detail  in  Chapter  II. 
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Problem  Statement 


Over  the  past  twenty  years,  the  laser  gyroscope  has  been  the 
subject  of  rrany  investigations  and  experiments.  For  example,  in  1978, 
a  technical  symposium  on  Laser  Inertial  Rotation  Systems  was  given  by 
the  Society  of  Photo-Optical  instrumentation  Engineers.  During  this 
symposium,  more  than  two  dozen  articles  were  presented  on  laser 
gyroscopes  (11).  However,  despite  the  abundance  of  publications, 
little  is  known  about  the  errors  caused  by  or  attributed  to  the 
acousto-optic  modulators.  The  purpose  of  this  research,  therefore,  is 
to  identify  these  errors  and  suggest  plausible  solutions. 

Method  of  approach 

Various  acousto-optic  modulators  were  tested  outside  the  laser 
gyroscope  cavity.  The  experimental  setup  duplicated  the  input  loop 
scheme  so  that  the  data  obtained  provided  meaningful  information.  The 
acousto-optic  modulators  were  examined  for  frequency  variational 
effects.  The  vertical  and  horizontal  beam  profiles  were  measured  to 
identify  mode  errors  created  by  the  medium  within  the  acousto-optic 
modulator.  Thermal  sensitivity  was  measured  to  determine  the  effects 
of  tenperature  on  modulator  operation. 

Scope 

This  research  will  be  limited  to  errors  caused  by  acousto-optic 
modulators  appropriate  for  use  within  passive  ring  laser  gyroscopes. 
Two  coomercial  models  will  be  examined:  the  W0M-40  by  Intra  Action 
Corporation,  and  Model  305  produced  by  Coherent  Associates.  Several 
modulators  of  each  type  will  be  tested. 

General  background  information  will  provide  the  basic  theory  and 
operation  of  laser  gyroscopes.  However,  in-depth  discussions  of  the 


I 


n 


gyroscope  or  its  circuitry  will  not  be  included.  Many  publications  are 
available  which  contain  this  information  (10;  11). 

Order  of  Presentation 

Chapter  II  describes  the  theory  of  laser  gyroscopes  and 
acousto-optics.  This  section  includes  information  on  the  Sagnac 
effect,  a  discussion  of  Fabry-Perot  interferometers,  the  basic  passive 
ring  laser  gyroscope,  and  acousto-optic  theory.  Chapter  III  deals  with 
the  operation  of  the  acousto-optic  modulators.  The  expression  for 
angular  shifts  produced  for  varying  drive  frequencies  is  determined, 
and  the  relationship  between  mirror  reflectivity  and  incident  angle  is 
found.  Chapter  IV  details  experimental  setups.  Within  this  section, 
the  angular  shifts  for  varying  drive  frequencies  are  measured  for  both 
models  of  modulators.  Using  the  values  of  angular  deviations,  the 
mirror  reflectivities  are  determined  using  the  computer  program 
'Reflect'  (Appendix  B) .  The  vertical  and  horizontal  beam  profiles  for 
each  of  the  modulators  were  determined,  and  temperature  sensitivity  of 
the  modulators  was  tested.  Chapter  V  contains  the  results  and 
conclusions  of  this  study.  Chapter  VI  suggests  recommendations  for 
future  work  in  this  area. 
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II  THEORY 


Sagnac  Effect 

In  1913,  Sagnac  demonstrated  that  inertial  rotation  could  be 
measured  by  means  of  a  rotating  ring  interferometer  (4,134;  7,476). 
Since  the  Sagnac  Interferometer  is  the  basis  for  all  laser  gyroscopes, 
a  discussion  of  the  effect  is  warranted. 


Figure  8  shows  a  circular  interferometer  (also  known  as  a  Sagnac 
Interferometer)  of  radius  a. 


Figure  8.  Circular  Interferometer  (4,135) 


Light  entering  at  Point  A  is  beam  split.  Hie  light  travels  in  both  the 
clockwise  (cw)  and  counter  clockwise  (ccw)  directions,  and  is  recombined 


at  Point  A.  For  a  stationary  interferometer  (one  that  has  no  inertial 
rotation) ,  the  time  for  each  beam  to  travel  the  circumference  for  the 
interferometer  is 


t 


2-rra 

c 


(  2  -1  ) 


where  t  is  the  time,  a  is  the  radius  of  the  interferometer,  and  c  is 
the  speed  of  light  (4,135) . 

If  we  allow  the  interferometer  to  rotate  at  some  fixed  rate  ft ,  the 
travel  time  will  be  different  for  each  beam,  since  the  distance  each 
beam  travels  depends  upon  the  rotation  rate.  For  example,  consider 
rotation  of  the  interferometer  in  a  clockwise  manner.  The  light  enters 
at  Point  A.  However,  due  to  the  rotation,  the  beamsplitter  moves  to 
Point  B.  For  the  light  to  recombine  at  the  beamsplitter,  the  ccw  beam 
travels  a  shorter  distance  than  the  cw  beam.  The  transit  time  for  each 
beam  can  be  found  from  the  following: 


ct+  =  2-rra  ±  a'7t+  (2-2) 

where  fi  is  the  rotation  rate,  t  is  the  time  for  the  beam  traveling 
in  the  direction  of  rotation,  and  t_  is  the  time  for  the  beam 
traveling  against  the  direction  of  rotation  (4,136) .  Equation  (2-2) 
can  be  rewritten  to  give  the  transit  times 


t 


+ 


2n  a 

c  -  fta 


(2-3) 


2tto 

c  +  fta 


(2-  4) 


The  total  time  difference,  At,  between  the  arrival  of  the  two  beams 


at  Point  A  is 


At  =  t+  -  t 


2v  a  2t\  a 

c  -  ila  ~  c  +  fta 

2vn(  2fta ) 
c2  -  (fta)2 


4fia2^ 

P  -  ( ila ' 


(  2  -5  ) 


Since  aQ  <<  c.  Equation  (2-5)  is  approximated  by 


na2$l 


(  2-6) 


where  A  =ti  dr  is  the  area  enclosed  by  the  ring. 

Sagnac  used  fringe  shifts  to  calculate  the  rotation  rate  (7,476). 
The  fringe  shift,  A  Z,  is  related  to  A  t  by 


(2-7) 


where  is  the  wavelength  of  the  light  in  the  ring. 


(7,481) 


(2  -8  ) 
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If  the  beam  is  at  an  angle  Y  with  respect  to  the  normal  of  the 
rotation  axis.  Equation  (2-8)  is  modified 


„  4Ancos(xi  (7,476)  (2-9) 

A  C 
o 

The  total  path  length  difference, A  D,  between  the  two  beams  is 

AD  =  cAt 

=  Mil  (2-10) 

c 

Thus,  the  total  path  difference  A  d  is  dependent  upon  the  area  of  the 
ring  A  and  the  rotation  rate  0  ,  assuming  the  speed  of  light  c  is 
invariant. 

Fabry-Perot  Interferometer 

The  actual  operation  of  the  laser  gyroscope  differs  from  that  of 
the  Sagnac  interferometer.  The  laser  gyroscope  functions  as  two 
Fabry-Perot  interferometers,  one  for  each  beam  (10,478) .  Within  the 
gyroscope  cavity,  the  two  flat  mirrors  form  the  Fabry-Perot 
interferometers,  unlike  the  Sagnac  interferometer,  the  laser  gyroscope 
requires  the  two  counter-rotating  beams  resonate  in  the  gyroscope 
cavity. 

The  Fabry-Perot  interferometer  consists  of  two  plane  parallel 
highly  reflecting  surfaces  (flat  mirrors) ,  separated  by  some  distance 
(12,306).  The  mirrors  have  an  index  of  refraction  n',  and  the  region 
between  the  mirrors  has  an  index  of  refraction  n.  A  plane  wave 

incident  onto  one  of  the  mirror  surfaces  at  some  angle  <t>  to  the  normal 
will  experience  reflections  and  transmissions  as  seen  in  Figure  9. 


I 


1 


The  incident  wave  has  amplitude  A^,  which  may  be  complex.  As  seen 
from  Figure  9,  the  partial  reflections  have  amplitudes  B^,  b2, 
B3,  ...  ,  while  the  partial  transmissions  have  amplitudes  A^,  A^ 

A^  ,  ...  . 

The  anplitude  of  the  total  reflected  wave  Af  is  the  sum  of  the 
amplitudes  of  the  partial  reflections.  Likewise,  the  amplitude  of  the 
total  transmitted  wave  Afc  is  the  sum  of  the  amplitudes  of  the  partial 
transmissions.  So: 


ZB  = 
n  n 


Z  A  = 
n  n 


B.  +  B.,  +  13-  + 

I  J 


A1  +  A2  +  A3  + 


(2-11) 

(2-12) 
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The  amplitudes  of  the  partial  reflections  are 


B2  *  r'  (tt')el6A. 

B3  =  (r,)3(tt')e2l6A. 

B4  =  (r')5(tf)e3i6A.  (13,60) 


The  amplitudes  of  the  partial  transmissions  are 

Ax  =  (tt'JAi 

A2  =  (tf )  (r')2el6A. 

A3  =  (tf)  (r')4e2l6A. 

A4=  (tt')(r')6e3i6A.  (13,61) 


where 

r  is  the  reflection  coefficient  for  the  wave  traveling  from  n'  to  n 
t  is  the  transmission  coefficient  for  the  wave  traveling  from  n'  to  n 
r'  is  the  reflection  coefficient  for  the  wave  traveling  from  n  to  n' 
t'  is  the  transmission  coefficient  for  the  wave  traveling  from  n  to  n' 
is  the  phase  delay. 

Thus  the  total  reflected  wave  amplitude  is 

Ar  =  rA^  +  r' ( tt’ )Aiei<S  +  (  r 1  ) 3  ( tt '  )  Ai  e2i(S  +  ... 
=  rA  i  +  r' (tt1  )  A  .  e1<5{  1  +  (r')2e1<5  +  ...)  (2-1 
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The  total  transmitted  wave  amplitude  is 


A 


t 


(tt‘)A.  +  (tt*)(r*)2Aiei<S  +  ( tt »  )  ( r«  )  “A  .  e2l(S  +  ... 
(tt')A^{1  +  (r,)2e^  +  (r1)1*©2^  +  ...}  (2-14) 


Assuming  the  mirrors  do  not  absorb  any  of  the  light,  then 
R  +  T  =  1 
r  =  -r ' 

T  =  tt* 

R  =  (r) 2  =  <r')2 


(2-1  5a) 
(2-1 5b) 
( 2-1 5c ) 
( 2-1 5d) 


where  R  is  the  reflectivity  of  the  mirror,  and  T  is  the  transmissivity 
of  the  mirror.  (14,574;  13,61-62) 

Using  aquations  (2-15  a  thru  d)  and  some  algebraic  manipulations, 
aquation  (2-13)  and  equation  (2-14)  can  be  rewritten. 


And 


A./R  {1  +  T  u 1  ^  ( 1  +  Re1<S  +  R2e216  +  ...)} 


A./R  1  - 


Te 
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1  -  e 


1  -  Re 
i6 


i  6 


TA  • 


=  A. 


It 

i  ii  16 

1  -  Re 

{1 

,  D  i6 
+  Re 

1 

1 

d 

-  Re 

1 

-  R 

1 

-  Re16 

2i6 


where 


i6  .  _  2  2 i 6 


1  +  Re  +  Re 


1 


(2-161 


(2-17 


In  order  to  calculate  the  phase  delay  6  ,  the  path  length 
difference  between  two  sequential  reflections  (or  transmissions)  must 
be  determined.  Using  Figure  10,  the  path  length  difference  A  L  is  the 
perpendicular  separation  between  the  two  reflections. 


Figure  10.  Path  Difference  Determination  (13,61) 


By  using  vector  sums,  A  L  can  be  computed. 


AL  =  AB  +  BC 


flcos  ( 26 


cos(fl 


cos l 0 , 


=  2flcos(  0 ) 


2-18' 


Using  Equation  (2-18) ,  the  phase  delay  6  can  be  determined 

6  =  (AI.)k 


_  4Trn  floor.  (  6  ) 

A 

where  k  =  ,  the  propagation  constant. 
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The  frequencies,  v  ,  for  maximum  transmission  (also  known  as 
resonance  frequencies)  can  be  found  using  Equation  (2-23)  and  c  =v^  X 
where  c  is  the  speed  of  light  in  a  vacuum  and  X  is  the  wavelength. 

_  cm  (2-24) 

m  2n£cos(0) 

The  spacing  between  two  adjacent  resonant  frequencies  is 

Av  =  c ( rc  +  1 )  _  cm 

2n£cos ( 0 )  2n£cos(  6) 

c 

2n£cos ( 0 )  (2-25) 


Figure  11  shows  the  ideal  transmission  characteristics  for 


The  Free  Spectral  Range  (FSR)  of  the  cavity  is  the  distance  between 


the  peaks  in  Figure  10. 

FSR  =  Av 

c 

“  2nJtcos(  0 ) 


c 

"  P 
for 


2n  i  cos(  0)=  2L  =  P 


(2-27) 


The  width  of  the  peaks  in  Figure  11  is  defined  as  the  measurement 
of  the  width  for  the  peak  at  half  intensity  (known  as  full  width  at 
half  maximum  (FWHM) ) .  From  Equation  (2-21) ,  the  phase  angle  6  for 
FWM  occurs  where  the  fractional  transmitted  intensity  equals 
one-half.  Thus 


(1  -  R) 


(1  -  R)2  +  4Rsin2(6/2) 
sin2  ( 6  /2) 


=  0.5 


4R 


sin(6/2)  =  + 


*  11-.-  R? 

2/R 


(2-28) 


Since  the  width  of  the  peak  is  small  when  compared  against  the  FSR,  use 
the  small  angle  approximation  for  the  sine  of  the  angle  is  made 
sin  a  =  a  .  Thus, 


R 


Figure  13.  Peak  Linewidth 


Hie  Finesse  (F)  of  the  Fabry-Perot  interferometer  is  the  measure  of 
the  resolution.  Hie  finesse  is  the  ratio  of  the  peak  separation  (FSR) 

to  the  linewidth  of  the  peak.  Hius 

P  _  FSR 

_ c _  2ttL/R 

P  c ( 1  -  R) 


tt/R 

*  (1  -  R) 


(13,65) 


(2-3^ 


From  the  resonance  condition  Equation  (2-26)  and  c  =  vA 


A  small  change  (  Av  )  in  the  frequency  results  in  a  small  change  in  the 
perimeter  Ap,  so  that 

AP  =  -  —  Av 
v2 

AP  Av 

P  "  v 

Using  Equation  (2-10)  where  AP  equals  the  path  difference  AD, 

AP  =  AD  =  4~ 

thus 

Av  _  4AD 


(ignoring  the  -  sign) 


(2-3 


or 


Av  =  m  (4.138)  (2-35) 

Thus  the  rotation  rate  ft  can  be  determined  from  the  frequency 

difference  Av. 

Passive  Ring  Laser  Gyroscope 

Hie  Passive  Ring  Laser  Gyroscope  (PRLG)  was  developed  to  avoid  the 

major  problem  of  "lock-in"  encountered  by  the  conventional  active  ring 

-4  -3 

design.  Lock-in  occurs  for  very  low  rotation  rates  (10  to  10 

-5 

radians  per  second) ,  including  the  earth's  rotation  rate  (7x10 

radians  per  second) .  At  these  rates,  the  frequencies  of  the  two 

counter  rotating  beams  lock  to  a  common  value.  For  these  rotation 
rates,  the  active  uncorrected  gyroscope  is  not  useful,  in  the  PRLG, 
the  gain  medium  is  located  outside  the  ring  cavity.  Hie  cavity  will 
now  behave  as  a  passive  ring  Fabry-Perot  interferometer,  using  the  path 
difference  between  the  cw  and  ccw  beams  to  measure  the  inertial 
rotation,  avoiding  the  problem  of  lock-in  (10,478) . 

Hie  PRLG  was  experimentally  verified  by  Ezekiel  and  Balsamo  in 

1977.  in  order  to  distinguish  the  PRLG  from  the  active  ring  design,  a 
presentation  of  the  PRLG's  operation  is  included. 

Figure  14  is  a  schematic  of  Ezekiel  and  Balsamo' s  PRLG.  Hie  laser 
is  external  to  the  ring  cavity  and  provides  a  beam  of  frequency  v  Q. 
Hie  beam  is  split,  with  each  half  going  to  an  acousto-optic  modulator. 
Each  modulator  shifts  the  incoming  beam,  thereby  producing  an 
independent,  controllable  frequency.  By  using  two  modulators  instead 
of  two  lasers,  this  design  avoids  the  problem  of  uncorrelated  phase 
jitter  (10,478). 


Compensator 


AQH^  is  driven  at  a  set  frequency  by  the  voltage  control 
oscillator  (V00) .  Hie  output  frequency  is  Vq  +  v1  (as  will  be 
shown  in  the  next  section) .  This  beam  travels  the  cw  path  within  the 
ring  cavity.  The  piezoelectric  transducer  (PZT)  feedback  loop  locks 
the  cavity  cw  path  length  so  that  v  ^  is  the  resonance 

frequency. 

is  driven  at  another  frequency  v2  by  the  Frequency 

Synthesizer  within  the  difference  amplified  feedback  loop.  The 

frequency  v  2  is  variable,  and  is  determined  by  the  electronic 
circuitry  in  the  ccw  path  length.  The  frequency  out  of  is  vQ 

+  V2»  and  is  the  resonance  frequency  for  the  ccw  path.  As  the  PRLG 
rotates,  the  ccw  path  length  will  change,  thus  causing  v2  to  change. 

The  inertial  rotation  of  the  PRLG  is  calculated  from  the  difference 
of  the  cw  and  ccw  resonance  frequencies.  So, 

'''V'O-  (v2  +  v0> 

4A  fl 
X  P 

The  modulators  serve  an  important  function  in  this  type  of  PRLG. 
The  frequency  difference  between  the  two  modulators  will  be  measured  in 

megahertz.  Without  these  modulators,  the  frequency  difference  between 

.  12 
the  two  counter-rotating  beams  may  be  on  the  order  of  10  hertz 

(depending  on  rotation) .  Thus,  smaller  rotation  rates  can  be  measured 

by  using  acousto-optic  modulators. 

The  laser  gyroscope  at  Seiler  Laboratory  is  also  a  PRLG.  However, 
its  construction  is  somewhat  different  from  Ezekiel  and  Balsamo's  PRLG, 
as  seen  in  Figures  15  and  16. 
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Figure  15 


Hots; _ Curved  mirrors  have  600  centimeter  radii. 


Figure  16.  Schematic  of  Seiler  PRLG 
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Die  beam  out  of  the  helium-neon  laser  is  split  by  means  of  a  beam 
splitting  cube  prism.  Each  beam  is  passed  through  an  acousto-optic 
modulator  that  shifts  the  frequency.  Die  beams  are  then  passed  through 
a  pair  of  cylindrical  lenses  with  orthogonal  longitudinal  axes  to  force 
the  curvature  of  the  incoming  bean  to  match  the  curvature  of  the  beam 
inside  the  ring. 

Die  ACM  in  the  cw  path  is  held  at  a  fixed  40  MHz,  while  the  PZT 
changes  the  cavity  length  for  resonance  of  the  cw  signal.  Die  ACM  in 
the  ccw  path  has  a  varying  drive  frequency  to  maintain  resonance  within 
the  ccw  path. 

Acousto-Optics 

In  1922,  Brillouin  predicted  the  diffraction  of  light  by  sound 
waves.  By  1932,  Debye  and  Sears,  as  well  as  Lucas  and  Biguard  had 
experimentally  verified  Brillouin's  theories.  (13,353;  15,594;  16, 
48) .  Today  high  frequency  acoustic  devices  are  used  to  control  the 
frequency,  direction  and  intensity  of  laser  beams.  In  the  laser 
gyroscope,  these  modulators  frequency  shift  the  input  laser  beam. 

Die  acousto-optic  modulators  depend  upon  varing  densities  within 
the  modulator  medium  to  produce  the  diffraction.  A  sound  wave  is 
injected  into  the  medium,  composed  of  high  quality  flint  glass  (20,1) . 
Die  sinusoidal  pattern  of  the  traveling  sound  wave  produces 
rarefractions  and  compressions  of  the  medium,  producing  a  sinusoidal 
density  pattern.  As  the  density  changes,  the  index  of  refraction  also 
changes. 


Figure  17  illustrates  the  variation  of  the  index  of  refraction  at 

some  instant  of  time  for  the  velocity  V  equaling  the  speed  of 

s 


sound  within  the  medium.  The  sinusoidal  pattern  of  the  index  of 

refraction  moves  through  the  medium  at  speed  V  . 

s 


The  waves  are  separated  by  a  distance  A  (the  wavelength  of  the 

S 

sound  wave)  and  move  at  the  velocity  Vg.  in  order  for  the  diffracted 
light  to  form  a  coherent  nondiffuse  beam,  all  the  points  along  the 
plane  of  diffraction  must  add  in  phase.  Therefore,  the  path  difference 
must  be  a  multiple  of  the  beam  wavelength. 

y(cos(0^)  -  cos  ( 0 r ) )  =  j—  (2-36) 

where  y(cos  0^  -  cos  0r)  is  the  path  difference,  m  is  any  integer, 
and  \/n  is  the  beam  wavelength  in  the  medium  (13,339) .  Equation  (2-36) 
must  be  satisfied  for  all  the  points  along  the  path  difference  at  the 
same  time.  The  only  solution  is  for  m  ■  0,  thereby  requiring  the 
incident  angle  0^  to  equal  the  diffracted  angle  er* 

Another  requirement  for  the  diffracted  beam  is  that  the  diffraction 
from  any  two  acoustic  phase  fronts  must  add  up  in  phase  along  the 
direction  of  the  beam  (13,339) .  From  Figure  19,  the  phase  fronts  add 
in  phase  if  the  optical  path  difference  is  equal  to  one  optical 
wavelength. 


Figure  19.  Acoustic  Path  Difference  (13,340) 

The  path  difference  is  the  magnitude  of  the  vector  sum  AB+BC.  Thus 

2Assin(0)  -  (13,340)  (2-37) 

where  A^  =  sound  wavelength 

A/n  *  optical  wavelength 
0  *  incident  angle 

The  frequency  of  the  laser  beam  out  of  the  modulator  is  Doppler 
shifted  by  the  drive  frequency  of  the  ACM.  The  Doppler  shift  is 

v  =  vQ(1  ±  -^-)  (2-38) 

where  v  *  Doppler  shifted  frequency 

vQ  ■  unshifted  frequency 
V  *  longitudinal  velocity  in  medium 


(2-39) 


Thus  the  change  in  frequency  Av  is 

Av  =  Vo(-|  +  X)  .  vo(1 


2v 


o 


V 


c 


Within  the  medium 


V  =  V  sin  ( 6 ) 
s 

c  =  AVQ/n 

where 

As  3  wavelength  of  sound 
vs  =  frequency  of  sound 
A/n  =  wavelength  of  light  within  the  medium 


(2-40a) 
(2-40b) 
( 2-40c ) 


Substitute  Equations  (2-37)  and  (2-40  a  thru  c)  into  Equation  (2-39)  to 
obtain 


Av 


2v 

o 


n  V. 


A  v 


sin( 0) 


o 


2v  A  nsin(0) 
s  a _ 

A 


(2-41) 


Thus,  the  change  in  frequency  of  the  laser  beam  is  equal  to  the  drive 
frequency  of  the  modulator.  Note  also  that  the  frequency  change  is 
independent  of  the  beam's  incident  angle. 


Ill  ACOUSTO-OPTIC  MODULATOR  OPERATION 


Angular  Shift  Versus  Drive  Frequency 

Acousto-optic  modulators  not  only  change  the  frequency  of  a  laser 
beam,  they  also  can  change  the  direction  of  the  beam.  Ibis  section 
investigates  the  angular  shift  of  the  output  beam  as  a  function  of  the 
drive  frequency  of  the  modulator. 

Figure  20  illustrates  the  diffraction  of  a  beam.  If  the  wavefronts 
are  moving  away  from  the  incident  beam,  the  diffracted  beam  will  be 
downshifted  in  frequency  and  will  move  in  the  appropriate  direction  of 
the  wavefronts.  Fbr  wavefronts  moving  into  the  incident  beam,  the 
diffracted  beam  will  be  upshifted  in  frequency  and  will  move  in  the 
same  direction  as  the  wavefronts  <16,49) . 


The  critical  angle  at  which  diffraction  will  occur  is  found  in 


Equation  (2-37) . 

2A  sin  (0) 
s 

sin( 0 ) 

This  angle  is  referred  to  as  the  Acoustic  Bragg  angle,  as  acoustic 
diffraction  is  similar  to  x-ray  diffraction  developed  by  Bragg  in 
crystals  . 

The  relationship  between  the  deflection  angle  and  the  acousto-optic 
drive  frequency  can  be  found  from  the  momentum  vector  diagram  in  Figure 


Initially,  the  beam  is  diffracted  with  an  angle  0  satisfying 

Equation  (2-37) .  The  magnitude  of  the  momentum  vector  k  is  k  * 

s  s 

2  n  v /v„.  Changing  the  drive  frequency  by  Av  changes  the 

S  S  5 

momentum  vector  by  A  k  =  2  tt  (A  v  )/V  .  Since  6  and  the  anglular 

5  S  S 

shift  A0  are  small 


Ak 
k  +  Ak 


Ak 
_ _ s 

k 


(3-1) 


where  Ak  -  10"7k  (13,350). 


Thus 


A0 


2ttAv  X 
_ s 

V  2un 
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XAv 

nV~ 


s 


s 


(3-2) 


The  angular  shift  is  directly  proportional  to  the  frequency  shift  of 
the  acousto-optic  modulator. 

Mirror  Reflectivity  Variance 

Varying  the  drive  frequency  of  the  modulators  causes  angular 
shifts  of  the  output  beam.  Mirror  reflectivity  and  gyroscope  finesse 
are  dependent  upon  these  incident  angles.  Slight  angular  deviations 
may  degrade  the  effectiveness  of  the  mirrors  and  thereby  reduce  the 
finesse  of  the  gyroscope. 

In  order  to  determine  the  reflectivity  R  as  a  function  of  incident 
angle  6  ,  the  reflectivity  of  multilayer  films  will  be  investigated 
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with  amplitude  Eg' ,  part  will  be  transmitted  with  amplitude  e^. 
The  transmitted  wave  will  travel  through  n1  and  strike  the  interface 
between  n^  and  n2.  Here,  the  reflected  wave  will  have  amplitude 


E^' ,  the  transmitted  wave  will  have  amplitude  E2.  Boundary 
conditions  at  each  interface  require  that  the  electric  and  magnetic 
fields  be  continuous  (18,95?  19,158). 


2 


At  the  first  interface,  the  boundary  conditions  are  (18,95): 


E  +  E ' 

o  o 


E1  +  Ei 


n  E  -  n  E' 
o  o  o  o 


n1E1 


n  1  E-j 


(3-3) 

(3-4) 


Hie  boundary  conditions  at  the  second  interface  are  (18,95) : 

ikd 


E1e-L",“  +  E^e_lkd  =  E2 


(3-5) 


nlEleUd  -  =  n^. 


(3-6) 

With  some  algebraic  manipulation,  and  E^'  can  be  eliminated  from 
Equations  (3-3)  thru  (3-6) .  The  resulting  equations  cure: 


E'  n?  E? 

1  +  =  (eoc(kd)  -  i  —  sin(kd))g~ 

o  1  i  o 


no(1 


E ' 

-*)  - 


E, 


E  '  ( -in. sin( kd)  +  n0cos(kd))sr 

O  I  JL 


(3-7) 

(3-8) 


where 


ikd  -ikd  0.  .  /, 
e  -  e  =  2isin(kcl) 


Equations  (3-7)  and  (3-8)  can  be  rewritten  into  matrix  format  (18,96) . 

-i 


1 


1 

■n 


E' 

o 


E 


cos(kd) 

-in^  sin( kd) 


n 


1 


-sin(  kd) 


cos( kd) 


L“2J 


E 


_2  (3-9) 

Eo 


Equation  (3-9)  can  be  further  simplified 


1 

+ 

*  r 

r  =  M 

"l 

n 

-n 

nn 

_  o_ 

c 

(3-10) 


where  r  =  E£/Eq  =  the  reflection  coefficient  of  the  layer 
t  *  Ep/E  =  the  transmission  coefficient  of  the  layer 


i(  kd) 


— sin( kd) 


-in^sinCJcd)  cos(kd) 


=  the  transfer  matrix 


or  characteristic  matrix  of  the  layer  (18,95;  15,59). 

If  the  wave  is  not  normally  incident  upon  the  first  interface,  the 
transfer  matrix  M  for  a  transverse  electric  wave  becomes 


.  M  = 


cos(kndcos( 0) ) 


-sin(kndcos(  0 ) ) 


-incos(0)cin(kndcos(0))  cos(kndcos(0)) 


(3-11) 


(15,58) 

The  multilayer  film  is  composed  of  many  such  layers.  The  transfer 
matrix  for  the  entire  set  is  the  product  of  each  individual  matrix. 
Thus  for  N  total  layers  the  transfer  matrix  becomes 


M  =  M 1 M 2M 3 . . . .Mn 


(3-12) 


Since  most  multilayer  films  are  periodic,  equation  (3-12)  further 
reduces  to 


«total  -  us  •••  a  -  oo 


(3-13) 


where  M  is  the  transfer  matrix  for  each  periodic  set. 

Many  multilayer  films  are  composed  of  periodic  double  layers  - 
(n^)  (njn2) ...  .  In  this  case,  the  transfer  matrix  M  is  the 

product  of  the  matrices  and  M^. 
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xP  |  sing 


coy#  ^  JL-  iP2sin32 


cos^2  J 


where 

3^  =  klnldl  cos  °i 

62  =  k2n2d2  COS  ®2 
cos  0^ 

P2  *  n2  cos  0  2  (15,67) 


Evaluation  of  the  total  transfer  matrix  .  is  tedious  at 

best.  However,  using  matrix  theory  and  the  fact  that  M  is  an 

unimodular  matrix  (the  determinant  of  the  matrix  equals  one) ,  M 

-"total 

can  be  solved  (15,67) . 


—total 

where 


At,N-1 

CUN-1 


(a)  -  UN_2(a) 

(a) 

dun-i ( a) 

U 


N-2 


(3-15) 


a  =  1/2  (A+O) 

U  (X)  =  sin( (N+1 )cos"  (x)) 
N  /I  -  x2 


are  the  Chebyshev  polynomials 


of  the  second  kind 


Cnee  Mfcotal  has  been  evaluated,  the  reflection  coefficient  r  can 


be  calculated. 


( u  1 1  +  u12PL^Po  ~  ^u21  *  u22?0 


+  h2VPo  + 


m21  +  W22PL; 


(3-16) 


where 


'll  M1  2 


u2-\  m22 


=  M 

-total 


p0  =  n0  COS  0  0 
PL  =  nL  cos  0  L 

nQ  =  index  of  refraction  of  air 

nr  =  index  of  refraction  of  the  substrate  that  holds  the 

L« 

multilayer  films  (15,60) . 

Knowing  the  reflection  coefficient  r,  the  reflectivity  R  can  be 


determined: 


R  =  rr* 


(3-17) 


where  r*  is  the  complex  conjugate  of  r. 


(p11  *  m12PL^Po  ~  ^21  *  M22PL^ 
+  U12Pl)Pq  +  (u21  +  ^22PL^ 


(3-18) 


A  numerical  result  for  the  reflectivity  can  be  obtained  using  Snell's 
Law  to  determine  0^,  02  and  0L  from  0q  (14,21). 


ri  sin0  =  n.sin0.  =  n^sinO,,  =  nT  sin0. 
oo1122LL 


For  a  Fabry-Perot  interferometer  the  layers  are  arranged  so  that 
the  first  and  last  layer  are  of  the  same  material,  (n^n2)  (n^n2) 
. . .  (n^n2)  (n^)  (15,69).  The  total  transfer  matrix  for 
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this  set  is  the  product  of  Equation  (3-15)  times  So  that 


M  _  AUN-1^  "  B  N  -  2  ^ a  ^  BUN-1^a^  cos31  jrLsin3.J 

_CUN_i(a)  DUN-1(a)  -  UN_2(  a)  i  sinB-j  cos3^ 


M11  u12 


i'21  m22 


cos3. 


-i  sinB.| 


Tr-sinB.. 
1  1 

cosB., 


M11coo31  -  iP1u12sir,Bi  piU11sin31  +u12cosB. 
v  1  2c°s3i  "  iP-|^2sinB1  2i  sinB)  +u22cosB. 


(3-19) 


The  reflection  coefficient  r  can  be  calculated  using  Equation  (3-16) 
and  Equation  (3-19)  as  Mfcotal.  Finally,  the  reflectivity  R  can  be 
calculated  using  Equations  (3-17)  and  (3-18) . 


IV.  EXPERIMENTAL 


Angular  Shift  Versus  Drive  Frequency 

Within  the  laser  gyroscope,  the  acousto-optic  modulators  are  used 
to  frequency  shift  the  incoming  laser  beam.  However,  the  direction  of 
the  output  beam  is  also  shifted  due  to  the  beam's  diffraction  off  the 
acoustic  wave.  Even  though  the  angular  deviations  will  be  small,  they 
could  effect  mirror  reflectivity  and  finesse  of  the  gyroscope. 

To  experimentaly  determine  the  deflection  angle  as  a  function  of 
the  drive  frequency,  an  acousto-optic  modulator  (AGM-40,  #  2951)  was 
positioned  in  front  of  a  helium-neon  laser  as  shown  in  Figures  24,  25 
and  26.  The  ACM  was  adjusted  so  that  the  ratio  of  the  intensity  for 
the  first  diffracted  order  at  40  MHz  signal  to  the  intensity  of  the 
unmodulated  signal  would  be  approximately  85  percent.  This  arrangement 
replicates  the  input  configuration  within  the  laser  gyroscope. 


948  cm 


AOM 


Screen 


67  cm 


Laser 

Power  Supply 


Power  Amp 


Voltage  Control 
Oscillator 


Figure  24.  AOM  Experimental  Set-Up 
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Figure  25.  Equipment  Set-up 


Figure  26.  Modulator  Without  Tbp  case 
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Hie  drive  frequency  of  the  AQM  was  varied  between  30  MHz  to  50  tVz 
in  1  MHz  increments.  Hie  distance  between  the  top  of  the  first  order 
diffracted  beam  and  the  top  of  the  zeroeth  order  beam  was  then 
measured.  Hie  angular  shift  was  then  calculated  using 

x  =  r8  (4-1) 

where  x  =  distance  between  the  orders 

r  =  distance  from  the  ACM  output  to  the  screen  =  948  cm 
6  =  angular  shift 


From  Equation  (3-2)  the  angular  shift  can  be  found  by  substituting 
in  values  for  the  drive  frequency  Av  ,  the  wavelength  A,  the  index  of 
refraction  n  and  the  speed  of  sound  V  within  the  ACM.  Thus 

S 


=  1.64528  x  10"10 


radians 


(4-3) 


■adians 


Figure  27  is  a  plot  of  the  angular  shifts  versus  drive  frequencies 
for  the  experimental  results,  and  Equation  (4-3).  The  angular 
deflections  could  be  measured  to  52.7  microradians,  or  a  0.5  millimeter 
change  in  position  of  the  first  diffracted  order.  The  differences 
between  the  experimental  values  and  the  results  of  Bguation  (4-3)  were 
determined.  The  mean  and  the  standard  deviation  values  were  then 
calculated  for  these  differences.  The  mean  value  or  the  average 
difference  between  the  manufacturer  specifications  and  experimental 
results  was  -0.1869  milliradians,  and  the  standard  deviation  was  0.1723 
milliradians. 


Figure  27.  Angular  Shift  versus  Frequency  (#  2951) 


Using  the  same  procedures,  a  Coherent  ACM  (#851)  was  examined  for 
its  angular  shift  properties.  The  manufacturer  specification  for  this 
ACM  gives  an  angular  separation  of  a  four  milliradians  at  40  megahertz 


Assuming  a  linear  relationship,  the  equation  relating  frequency  to  the 
angular  shift  is 


A0  =  1.85  x  1 0“ 1 0  Av  radians  (4-4) 

s 

Figure  28  is  a  plot  of  the  angular  shifts  versus  drive  frequencies 
for  the  experimental  results,  and  Bguation  (4-4) .  The  mean  value  for 
this  modulator  was  0.0841  milliradians,  end  the  standard  deviation  was 


0.1068  milliradians. 


Noting  that  the  data  obtained  from  the  first  AQM-40  (#2951)  did  not 
follow  the  manufacturer  specifications  for  the  higher  frequencies 
(40-50  MHz) ,  a  second  AOM-40  (#1555)  was  tested.  Figure  29  is  a  plot 
of  the  experimental  data  and  Equation  (4-3).  The  mean  value  is  -0.0113 
milliradians  and  the  standard  deviation  is  0.1176  milliradians.  Plots 
for  the  remaining  modulators  can  be  found  in  Appendix  A.  Table  I  gives 
the  mean  value  and  standard  deviations  for  these  modulators. 


— -  nAMurocru«c*  spcctrtcarioxs 
-  cxphiacht  : 


Frequency  in  Megahertz 

Figure  29.  Angular  Shift  versus  Frequency  (#  1555) 

Table  I  Mean  and  Standard  Deviation  Values 


Modulator 


Mean  (mrads 


Standard  Deviation  (mrads 


0.1496 

0.1098 

0.1183 

0.1143 

0.1797 

0.1283 

0.0538 

0.0958 

0.0231 

0.2005 

0.0226 

0.1132 

Reflectivity  Determination 


The  mirror  reflectivities  determine  the  amount  of  light  transmitted 
to  the  detectors,  and  is  an  important  consideration  in  component 
selection.  The  reflectivity  of  the  flat  mirrors  can  be  calculated 
using  computer  program  "Reflect"  (See  Appendix  B) ,  and  the  values  of 
angular  shift  determined  experimentally.  Within  the  gyroscope  cavity, 
the  mirrors  are  aligned  so  that  the  beam  will  have  a  45  degree  angle  of 
incidence.  Therefore,  the  angular  shift  values  must  be  added  to 
.785399  radians  (45°)  to  obtain  the  "new"  angle  of  incidence. 

The  two  flat  mirrors  within  the  gyroscope  cavity  determine  the 
finesse  of  the  perfect  gyroscope.  Each  mirror  is  composed  of  periodic 
quarter -wavelength  layers.  The  index  of  refraction  of  the  first  layer 
is  2.35,  while  the  index  of  refraction  of  the  second  layer  is  1.46. 
There  are  seventeen  total  layers,  or  eight  pairs  of  the  two  layers  and 
a  final  first  layer.  The  substrate  holding  the  layers  has  an  index  of 
refraction  1.52  (22). 

Tables  n  and  III  are  listings  of  the  mirror  reflectivities  for  the 
various  angular  shifts  for  modulators  #  1555  and  #  851.  Notice  that 
the  reflectivity  values  only  change  in  the  sixth  to  seventh  decimal 
place.  Reflectivities  for  the  remaining  modulators  may  be  found  in 
Appendix  C. 

The  perfect  gyroscope  would  have  a  finesse  of  7245  using  Equation 
(2-32)  and  R  =  0.999567.  However,  the  Seiler  gyroscope  has  an  average 
finesse  of  approximately  100.  (This  lower  value  may  be  due  to 
imperfect  cavity  alignment,  or  non-singular  frequency  output  of  the 
laser.)  Gyroscope  rotation  can  be  determined  even  with  a  finesse  of 


100. 


.791052 

.791252 

.791495 

.791758 

.791980 

.792117 

.792254 

.792370 

.792497 

.792592 

.792866 

.793024 

.793246 

.793435 

.793625 

.793794 

.793952 

.794089 

.794237 

.794374 

.794511 


Drive 


Reflectivitv 


30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 


.999567211 

.999567509 

.999566734 

.999566972 

.999567389 

.999567330 

.999567270 

.999567747 

.999567389 

.999567509 

.999567509 

.999567151 

.999566913 

.999567747 

.999566972 

.999567151 

.999567032 

.999566972 

.999567211 

.999567091 

.999567688 
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Beam  Profile 


Hie  laser  gyroscope  relies  upon  a  single  laser  mode  for  proper 
operation.  Hie  helium-neon  input  laser  produces  a  TEM^  mode, 
Gaussian -shaped  beam.  Since  the  acousto-optic  modulators  produce 
frequency  shifts  and  angular  deviations,  they  may  also  change  the  beam 
profile.  These  changes  could  seriously  affect  the  gyroscope's 
operation. 

Figure  30  shows  the  schematic  layout  for  determining  the  beam 
profile.  A  small  pinhole,  25  microns  in  diameter,  was  positioned  on 
the  detector  head,  and  the  head  was  shielded  from  any  other  light 
source.  The  point  of  highest  ir radiance  was  determined,  and  the 
detector  was  then  moved  horizontally  to  obtain  the  horizontal  profile. 
The  vertical  profiles  were  found  in  a  similar  manner. 


Vertical 


Figure  30.  Beam  Profile  Schematic 
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The  beam  profile  out  of  an  unmodulated  ACM- 40  (#  2951)  was  Gaussian 
in  both  the  horizontal  and  vertical  directions.  (Figures  31a  and 
31b.)  The  AOM-40  was  then  driven  at  35  MHz,  40  MHz,  and  45  MHz,  and 
profiles  were  taken.  All  the  vertical  profiles  were  Gaussian;  however 
the  horizontal  profiles  were  dramatically  different  (Figures  32  thru 


Irradianc 


Irradiance 


Distance  .in  Millimeters 


'  a.  Horizontal  Profile 


Distance  in  Millimeters 

b.  Vertical  Profile 


Figure  33.  Beam  Profiles  (#  2951)  at  40  ttiertz 


in  Microwatts/cm 


Visual  inspection  o£  the  acousto-optic  did  not  yield  any  noticeable 

flaws  or  deviations  in  the  glass  or  PZT.  The  acousto-ontic  glass  may 

have  some  internal  flaw  localized  in  the  plane  of  propagation  of  the 

first  order  diffracted  beam.  The  flaw  may  even  be  only  microns  (or 

* 

less)  in  size,  but  it  produces  noticeable  effects.  Changing  the  drive 
frequency  changed  the  beam  direction,  thus  placing  the  beam  in 
different  regions  of  the  flaw  and  producing  the  different  profiles. 
This  may  account  for  the  large  errors  in  the  angular  deflection  noted 
in  the  previous  section. 

Other  acousto-optic  modulators  were  tested  to  see  if  they  altered 
the  beam.  Profiles  for  AGM-40  #  1555  and  Coherent  #  851  are  included 
in  this  section  (Figures  35  and  36) .  Profiles  for  the  remaining 
modulators  may  be  found  in  Appendix  D.  All  these  modulators  produced 
Gaussian  beams  in  both  the  vertical  and  horizontal  directions.  The 
vertical  profiles  are  wider  due  to  the  spreading  of  the  beam  caused  by 
the  traveling  acoustic  wave.  This  spreading  elongates  the  diffracted 

i 

orders,  possibly  requiring  the  use  of  larger  mirrors  or  focusing  lenses 
to  keep  the  beam  within  a  large  gyroscope  cavity. 


Distance  in  Millimeters 

b.  Vertical  Profile 


Figure  35.  Bean  Profiles  (#  1555)  at  40  Mhertz 


M-icrowatts/cm  Irradiance  in  Micro 


Distance  in  Millimeters 

a.  Horizontal  Profile 


.•2« 


.•IS 


a  ••»• 


Distance  in  Millimeters 


b.  Vertical  Profile 


Figure  36.  Beam  Profiles  (#  851)  at  40  Mhertz 


Temperature  Sensitivity 

The  temperature  of  the  laboratory  housing  the  laser  gyroscope  is 
maintained  at  68  ±  3  degrees  Fahrenheit.  The  gyroscope  is  very 
sensitive  to  these  temperature  deviations,  as  the  path  length  changes 
due  to  thermal  expansion  and  contraction  of  the  supporting  structure. 
In  order  to  determine  the  effects  of  the  thermal  changes  on  the 
acousto-optic  modulators,  the  two  commercial  models  were  subjected  to 
extremes  of  heat  and  cold. 

The  modulator  was  surrounded  by  an  insulating  box  constructed  of 

,  •» 
three-inch  thick  styrofoam  (40  x  40  x  38  cm  ) .  TVo  holes  were  cut 

into  the  box  to  allow  the  laser  beam  to  pass  through  the  modulator.  A 

temperature  sensing  circuit  (developed  within  the  laboratory)  was  then 

placed  next  to  the  modulator.  The  tenperature  of  the  box's  interior 

was  increased  using  a  100  watt  light  bulb,  and  was  decreased  using 

solid  <X>2  (dry  ice) . 

The  output  of  the  sensing  circuit  was  connected  to  a  digital 


voltmeter.  As  the  circuit  measured  the  temperature,  the  voltmeter 
displayed  the  reading  in  volts.  This  value  was  then  converted  to 
degrees  Fahrenheit  using  Figure  37  and  extrapolating. 


Volt 


Temperature  in  Degrees  Fahrenheit 


Figure  37.  Temperature  versus  Voltage  for  Sensing  Circuit 


The  modulator  drive  frequency  was  set  at  40  Miz.  Hie  angular  shift 
of  the  first  diffracted  order  was  then  measured  for  the  different 
temperatures.  Hie  maximum  tenperature  achieved  was  243.3  degrees,  the 
minimum  temperature  was  48.6  degrees. 

Hie  maximum  and  minimum  temperatures  were  each  maintained  for 
thirty  minutes  to  allow  the  interior  of  the  box  to  reach  a 
quasi-equilibrium.  Angular  readings  were  taken  again  to  determine  the 
"long  term  effects"  of  the  two  temperature  extremes. 

Hie  minimum  angular  change  detectable  was  52.7  microradians,  or  a 
change  in  position  of  the  first  diffracted  order  by  .5  millimeters. 
However,  for  both  commercial  models,  the  angular  readings  taken  at  the 
various  temperatures  were  identical  to  the  reading  taken  at  room 
temperature. 


To  determine  the  effects  of  temperature  on  the  modulators  within 
the  gyroscope  cavity,  a  piece  of  dry  ice  was  placed  on  the  cw 
modulator.  The  amplitude  of  the  cw  beam  was  immediately  reduced,  but 
the  output  did  not  shift  in  frequency.  After  twenty  minutes,  the  ice 
was  removed.  The  amplitude  of  the  cw  beam  immediately  increased. 
Since  the  temperature  of  the  modulator  was  not  instantaneously 
increased,  other  factors  must  influence  the  output.  These  factors  may 
include  mechanical  stresses  and  strains  produced  by  the  weight  of  the 
ice,  and  condensation  of  water  vapor  on  the  glass  window. 


V.  RESULTS  AND  CONCLUSIONS 


Alignment  of  the  acousto-optic  modulator  is  critical  to  the 
modulator's  performance.  The  intensity  of  the  output  beam  depends  upon 
the  position  of  the  modulator  with  respect  to  the  input  laser  beam  and 
rotation  of  the  modulator  will  produce  beams  of  varying  intensities. 
The  efficiency  of  the  modulator  is  measured  as  the  ratio  of  the 
intensity  of  the  first  diffracted  order  to  the  intensity  of  the 
unmodulated  beam.  Therefore,  the  highest  efficiency  can  only  be 
obtained  if  the  first  diffracted  order  is  of  maximum  intensity. 

The  modulator  alignment  should  be  accomplished  with  the  aid  of  some 
photodetector  device.  The  human  eye  can  roughly  align  the  modulator  by 
comparing  the  intensity  of  the  first  diffracted  order  to  that  of  the 
zeroeth  order.  However,  due  to  the  intensity  of  the  laser  light,  a 
photodetector  device  should  then  be  used  to  sharply  align  the  modulator 
for  maximum  output  in  the  first  diffracted  order. 

The  laser  gyroscope  uses  the  TEM^  mode  in  both  the  cw  and  the 
ccw  directions.  Therefore,  the  output  of  the  modulators  must  be 
Gaussian.  The  modulators  produced  by  Coherent  Associates  each  had 
Gaussian  profiles  in  the  vertical  and  horizontal  directions.  Of  the 
four  AOM-40  modulators,  three  also  displayed  Gaussian  profiles  in  the 
two  directions.  However,  as  was  seen  in  Chapter  IV,  the  horizontal 
profile  of  AOM-40  #  2951  was  definitely  not  Gaussian.  Therefore  to 
ensure  that  the  modulators  do  not  distort  the  beam,  each  should  be 
tested  prior  to  installation. 


The  relationship  between  angular  shift  and  drive  frequency  was 
investigated  during  this  study.  The  experimental  results  coincide  with 
manufacturer  specifications.  The  AOM-40  models  had  a  maximum  mean  of 
0.023  milliradians  and  a  maximum  standard  deviation  of  0.2005 
milliradians.  The  Coherent  models  had  a  maximum  mean  of  0.1797 
milliradians  and  a  maximum  standard  deviation  of  0.1282  milliradians. 
Additionally,  the  beam  spot  size  on  the  screen  was  approximately  2.5 
centimeters  in  diameter,  and  the  first  diffracted  order  (at  40  Miz)  was 

7.1  centimeters  above  the  zeroeth  order  for  the  Coherent  models,  and 

6.2  centimeters  for  the  Intra  Action  models  (for  948  centimeters 
between  modulator  and  screen) . 

Using  the  angles  obtained  during  the  angular  shift  measurement,  the 
reflectivities  of  the  two  flat  mirrors  were  calculated.  Since  tne 
reflectivity  values  only  varied  in  the  sixth  to  seventh  decimal  place, 
the  mirror  reflectivity  does  not  affect  the  operation  of  the 
gyroscope.  However,  identical  mirror  coatings  should  be  obtained  for 
the  large  gyroscope  to  produce  similar  results. 

The  acousto-optic  modulators  were  subjected  to  temperature 
extremes.  The  maximum  and  minimum  tenqperatures  achieved  were  243.3  and 
48.6  degrees  Fahrenheit  respectively.  The  angular  shift  of  the 
modulators  was  measured  for  the  temperature  range.  There  were  no 
angular  deviations  found  from  the  initial  angular  measurements  taken  at 
room  temperature  (approximately  71  degrees) .  The  modulators  were  also 
subjected  to  a  thirty-minute  "burn-in"  test  at  both  the  maximum  and  the 
minimum  temperatures.  Again,  no  deviations  were  seen.  Testing  the 
temperature  effects  of  the  modulator  within  the  gyroscope  cavity 
yielded  inconclusive  results. 
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VI.  RECOMMENDATIONS 


Based  upon  the  observations  made  during  this  investigation,  the 
following  recommendations  are  proposed  for  use  and  further  study: 

1.  Modulator  alignment  should  be  performed  using  a  photodetector 
device  to  ensure  maximum  output  efficiency. 

2.  Due  to  the  large  spot  size  (2.5  centimeter  diameter  for  a 
distance  of  948  centimeters  between  modulator  and  screen) ,  mirror  size 
must  be  considered  when  purchasing  mirrors  for  the  large  gyroscope.  To 
achieve  high  mirror  reflectivity,  mirror  coatings  must  be  identical  to 
those  of  the  cavity  mirrors.  Focusing  the  beam  may  allow  the  present 
mirrors  to  tie  used. 

3.  Different  models  of  acousto-optic  modulators  should  be  tested 
for  improved  operation  and  increased  efficiency.  New  modulators  are 
now  available  that  are  smaller  and  have  wider  frequency  ranges. 

4.  Temperature  testing  of  the  modulators  within  the  gyroscope 
should  be  attempted  to  determine  deviations  caused  by  thermal  changes. 

5.  Modulator  vibration  testing  should  be  accomplished  to  identify 
deviations  produced  by  such  movements. 

6.  Linear  combinations  of  modulators  should  be  tested,  smaller 
frequency  shifts  may  be  obtained  using  two  modulators,  one  to  upshift 
the  laser  beam  with  one  frequency  and  the  other  to  downshift  the  beam 
by  a  slightly  different  frequency  as  seen  in  Figure  38.  Extremely 
small  rotation  rates  may  then  be  measured,  since  the  frequency 
difference  will  also  be  extremely  small.  The  angular  deviation  of 


the  output  beam  will  likewise  be  reduced.  This  combination  may  enable 


the  present  gyroscope  to  measure  earth  rate,  eliminating  the  need  for 


the  large  gyroscope. 


Figure  38.  Linear  Combination  of  Modulators  (few  Hz  Shift) 


A  second  linear  combination  aligns  the  modulators  to  both  upshift 
the  beam,  as  seen  in  Figure  39.  The  final  output  frequency  shift  will 
be  approximately  twice  the  shift  of  one  modulator,  or  an  80  Miertz 
shift.  'Ihe  angular  deviation  will  likewise  double.  However,  one  must 
consider  the  increased  alignment  problems  due  to  the  larger  angular 
deviation  prior  to  installation  in  the  gyroscope. 


Figure  39.  Linear  Combination  of  Modulators  (80  MHz  shift) 
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Figure  41.  Angular  Shift  versus  Drive  Frequency  (#  864) 
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Figure  42.  Angular  Shift  versus  Drive  Frequency  (#  866) 


Figure  43.  Angular  Shift  versus  Drive  Frequency  (f  867) 
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WWW  UUU  UUU 


PROCRAN  *cr LCCT 


c 

c  calculates  reflectivity  or  mirrors  for  varying  ancles  or  imciocmcs 

C  THETA  I  - INC l GENT  ANCLE 

C  TMCTA1 -ANCLE  INTO  MATERIAL  OF  INDEX  Hi 

c  tmctaj-ancle  into  material  or  index  n3 

C  THETM-ANCLE  INTO  SULSTH ATE- INDEX  N4 

C  THERE  ARC  »  FAIREO  LAYERS  OF  H2-N),  1  EXTRA  LAYER  Or  R2 
C  UA.UT  ARE  CHCBYSHEV  POLYNOMIALS  OF  2ND  KIND 
C  MW l 1,MU12,MU2|,MU22  ARC  CLEMENTS  OF  TOTAL  TRANSFER  MATRIX 
C  ALL  LAYERS  ARC  OUARTER  WAVELENGTH 
C 

NEAL  MIRROR, MUil#MU12,MU21  , NU22 , N 1 , N2 , M3 , h 4 
PI «i ,57079*321 

N2-2.3S’ 

N3«1.4C 
N4»l ,52 

10  TYPE  100  ' 

100  FORMAT! IK, 'ENTER  THETA1  VALUE  IN  RADIANS,  END  WltH  10.',*) 
ACCEPT  1 10,THEIA1 
110  FORMAT! F10, 9) 

A2>(Nl/N2)*StN(THETAl) 

A3« !N1/N3)*SZN! THETA  1) 

A4*(N1/N4) VSIN(TNETAl) 

PRINT*, A2, A3, A4 

IF  ! THETA 1 .CO • 10, )  STOP 

THCTA2*ASIN(A2) 

THETAS BASIN! A3) 

TH ETA4 *ASIN !A4) 

PRINT*, THETA1,THCTA2,THETA3,THCTA4 
C 

BETA2*Pl*C0S<tHETA2) 

BCTA)>PI*C0S!THETA3) 

PI bN1*C0S!THCTA| ) 

P2*N2*COS!THETA2) 

P3«N3*COS! TNETA3) 

P4xN4*COS! THCTA4) 

SCY  INITIAL  VALUES  IN  A ECO  MATRIX 

A*CO« ! BET A2)»C0S! BETAS ) -CP3/P2 ) *SIN f BETA2 ) *SI N ! BETA)) 
•*-ltl/PJ)*5IN! BETA3)*C0S! BETA2)*(1 /P2)*SIN(BETA2) * CDS! SETA 3) ) 
C«-IP2*SlN!BETA2)*COS!BCTA3)*P3*SIN!BErA3)*COS(tSTA2)) 
DBC0SCaETA2)*C0S! BETAS )-!P2/P3)*SIN!BETA2)*SlN!SCT AS) 

DETERMINE  US,U7 

At».5*(A*D) 

W6»44*! Ai*»6)«B0*! Al**4) t24*! Al**2)-1 
U7«12D*<Al**7)-l92*!Al**S)MO*(Al**3)-8*Al 

DfTEANIM*  NCN  ABCO  MATRIX  USINC  U6,U7 

AbA*U7-UA 
l«|*U7 
<«C*U7 
D«D*U7-Ut 
PRINT*.  A. A/C, 0 


non  non 


DETERMINE  FINAL  MATRIX 

MU1 l«A»COS(BETA2)*P2*B*SIN(BETA2) 
MU12=B*C05(BETA2)-<  1/P2)  *  A  ♦  S  I|I<  BET  A2  ) 
MU2l«C*C06(8ETA2>-P2*D«SlN{BETA2> 
MU22»0*C0S(BETA2)tC*Cl/P2) ■SIMIBCTA2 ) 

DETERMINE  REFLECT I V ITT 

Rl«((MUll»*2)f(MU12**2)*(P«**2))*(Pl**2) 
R2«(MU2l**2)t(K022**2)*(P4**2) 
R3«2*P1*P2*(MU1 1  *MU22*MU12*KU21 ) 
MXRR0R*<Rl*R2-K3)/(Rl*R2tR|) 

150  FORMAT(IX, 'MIRROR  REFLECT I  V ITT  «',  FI0.9) 
PRINT  ISO,  MIRROR 

PRINT  1S1 

151  FORMAT  (IX,'  ') 

CO  TO  10 
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Mirror  Reflectivities 
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Table  iv.  Mirror  Reflectivities  t#  863) 


Angle  (mrads) 

Drive  Frequency  (MHz) 

Reflectivity 

.791115 

30 

.999567330 

.791368 

31 

.999567330 

.791579 

32 

.999567330 

.791769 

33 

.999567389 

.792032 

34 

.999567628 

.792222 

35 

.999567449 

.792359 

36 

.999567091 

.792444 

37 

.999567330 

.792634 

38 

.999566913 

.792771 

39 

.999567270 

.792919 

40 

.999566853 

.793108 

41 

.999567151 

.793277 

42 

.999567211 

.793414 

43 

.999567091 

.793590 

44 

.999567151 

.793731 

45 

.999567211 

.793984 

46 

.999567568 

.794174 

47 

.999566793 

.794322 

48 

.999567032 

.794459 

49 

.999567449 

.794627 

50 

.999566734 
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790421 

30 

790568 

31 

790853 

32 

791053 

33 

791191 

34 

791359 

35 

791433 

36 

791560 

37 

791697 

38 

791824 

39 

791950 

40 

792140 

41 

792214 

42 

792366 

43 

792478 

44 

792678 

45 

792900 

46 

793058 

47 

793206 

48 

93343 

49 

93469 

50 

Reflectivit 


.999567389 

.999567211 

.999566495 

.999567211 

.999566853 

.999567628 

.999567032 

.999567628 

.999566913 

.999567211 

.999567449 

999566793 

999567270 

999566972 

999567032 

999567449 

999567211 

999567389 

999567032 

999566734 

999566793 
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46.  Beam  Profiles  (f  863)  at  40  ftertz 
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Figure  4r-  Beam  Profiles  (♦  866)  at  40  Mhertz 
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Figure  50.  Beam  Profiles  (#  1558)  at  40  tfiertz 
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Equipment  Listing 


Equipment  Number 

Programmable  Signal  Source, 

Hewlett  Packard  Model  8165A  . . 

Helium  Neon  Laser, 

Goherent-Tropel  Model  200  . 

Acousto-Optic  Light  Modulator, 

Intra  Action  Model  AGM-40  . . 

Acousto-Optic  Light  Modulator, 

Coherent  Associates  Model  305  . 

Power  Supply, 

Hewlett  Packard  Model  621 5A  . 

Notation  Mount, 

NRC  Model  470-Al  . 

X-Y  Translation  Stage, 

NEC  Model  405  . 

Radiometer/Photometer , 

EG&G  Model  550-1  with  Multipurpose  Head,  Model  550-2  . 

Digital  Multimeter, 

Fluke  Model  8050A  . 

Triple  Outlet  Power  Supply, 

Hewlett  Packard  Model  6236A 

Power  Amplifier, 

Intra  Action  Model  EE-40 
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then  determined.  These  calculations  displayed  an  average  reflec¬ 
tivity  of  0.999567,  indicating  that  properly  aligned  modulators  do 
not  affect  mirror  reflectivity  or  gyroscope  finesse.  Vertical  and 
horizontal  beam  profiles  of  the  first  diffracted  order  were  taken 
to  identify  deviations  produced  by  the  modulators.  Eight  modulators 
emitted  the  required  Gaussian  beams.  One  modulators  displayed  a 
variety  of  profiles,  indicating  a  material  flaw  or  erroneous  oper¬ 
ation.  The  modulators  were  subjected  to  temperature  extremes  to 
determine  their  thermal  sensitivity.  The  angular  deviation  of  the 
first  diffracted  order  at  40  megahertz  was  measured  for  temperature 
changes  hetween  48.6  to  243.3  degrees  Fahrenheit.  The  minimum 
angular  change  measurable  was  52.7  microradians;  however,  no  devi¬ 
ations  were  measured  from  the  room- temperature  reading. 
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